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4-Aminopyridine: a pan voltage-gated
potassium channel inhibitor that
enhances K, 7.4 currents and inhibits
noradrenaline-mediated contraction of rat
mesenteric small arteries
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BACKGROUND AND PURPOSE

K,7.4 and K, 7.5 channels are regulators of vascular tone. 4-Aminopyridine (4-AP) is considered a broad inhibitor of voltage-gated
potassium (Ky) channels, with little inhibitory effect on K,7 family members at mmol concentrations. However, the effect of 4-AP
on K,7 channels has not been systematically studied. The aim of this study was to investigate the pharmacological activity of 4-AP
on K,7.4 and K, 7.5 channels and characterize the effect of 4-AP on rat resistance arteries.

EXPERIMENTAL APPROACH

Voltage clamp experiments were performed on Xenopus laevis oocytes injected with cRNA encoding KCNQ4 or KCNQ5, HEK cells
expressing K, 7.4 channels and on rat, freshly isolated mesenteric artery smooth muscle cells. The effect of 4-AP on tension,
membrane potential, intracellular calcium and pH was assessed in rat mesenteric artery segments.

KEY RESULTS

4-AP increased the K,7.4-mediated current in oocytes and HEK cells but did not affect K,7.5 current. 4-AP also enhanced native
mesenteric artery myocyte K* current at sub-mmol concentrations. When applied to NA-preconstricted mesenteric artery seg-
ments, 4-AP hyperpolarized the membrane, decreased [Ca%*]; and caused concentration-dependent relaxations that were inde-
pendent of 4-AP-mediated changes in intracellular pH. Application of the K, 7 channel blocker XE991 and BKc, channel blocker
iberiotoxin attenuated 4-AP-mediated relaxation. 4-AP also inhibited the NA-mediated signal transduction to elicit a relaxation.

CONCLUSIONS AND IMPLICATIONS
These data show that 4-AP is able to relax NA-preconstricted rat mesenteric arteries by enhancing the activity of K,7.4 and BKc,
channels and attenuating NA-mediated signalling.

Abbreviations

4-AP, 4-aminopyridine; BK,, large-conductance calcium-activated potassium channels; Caz"i, intracellular calcium; Ky
channel, voltage-gated potassium channel
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Introduction

4-Aminopyridine (4-AP; IUPAC, pyridine-4-amine; molec-
ular formula: CsHgN,) is considered a broad inhibitor of
voltage-gated potassium channels (K,1-K,12) and has been
demonstrated to block most known K,1-K,4 channel sub-
types (Stithmer et al., 1989; Choquet and Korn, 1992;
Grissmer et al., 1994; Coetzee et al., 1999; Wulff et al., 2009).
The K,7 family (K;7.1-K;7.5; encoded by the KCNQ1-5
genes; Alexander et al., 2017) is proposed to be less sensitive
to 4-AP (Robbins, 2001); however, the effect of 4-AP on K7
channels has yet to be systematically studied, either in heter-
ologous expression systems or in tissues expressing native
channels.

In the vasculature, various K, channels are known to reg-
ulate smooth muscle reactivity and arterial tone. Members of
the Ky1 and K,2 family (Alexander et al., 2017) were previ-
ously thought to be the predominating K, channels
(Albarwani et al., 2003; Fergus et al., 2003; Cox et al., 2008);
however, more recently K,7 channels, namely, K,7.4 and
K,7.5, have been identified as major determinants of vascu-
lar tone (Yeung et al., 2007; Mackie et al., 2008; Ng et al.,
2011; Mani et al., 2013; Brueggemann et al., 2014; Jepps
et al., 2014; Stott et al., 2014). In many studies using arterial
segments or isolated smooth muscle cells, 4-AP has been used
to differentiate and dissect out the physiological roles of the
more sensitive Ky1 and K2 channels and the purportedly less
sensitive K7 channels.

Considering the functional importance of K, channels in
the vasculature and the use of 4-AP as a pharmacological tool,
it is important that we fully understand the effect of 4-AP on
all physiologically relevant K, channels, particularly the K7
subfamily, to enable correct interpretation of studies using
the drug. Therefore, the aim of this study was to investigate
any potential pharmacological activity of 4-AP on K7.4 and
K,7.5 channels and subsequently characterize the effect of
4-AP on vascular smooth muscle membrane potential,
[Ca®*];, and tone.

Methods

Ethical statement

This study was approved by the National Ethics Committee,
Denmark (License no.: 2014-15-2934-0161), and performed
in accordance with Directive 2010/63/EU on the Protection
of Animals Used for Scientific Purposes and the guidance on
design and analysis recommended by the British Journal of
Pharmacology (Curtis et al., 2015). Animal studies are re-
ported in compliance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath and Lilley, 2015).

Animals and general experimental methods

Male Wistar rats (10-12 weeks old; Janvier, France) were
housed in groups of two to four in high-top cages under con-
stant climatic conditions (22°C, 12 h light/dark cycle) and
provided access to food and water ad libitum. Rats were killed
by cervical dislocation, and the mesenteric vascular bed ex-
cised and placed in cold physiological salt solution (PSS; com-
position in mM: NaCl 121; KCI 2.82; KH,PO, 1.18;
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MgS0,4.7H,0 1.17; NaHCO3 25; CaCl, 1.6; EDTA 0.03; glu-
cose 5.5) saturated with carbogen (O, 95%; CO, 5%) at
pH 7.4.

Assessment of K7 currents in oocytes with
two-electrode voltage-clamp

Xenopus laevis oocytes (EcoCyte Bioscience, Castrop-Rauxel,
Germany) were injected with cRNA encoding the hK7.4 or
hK,7.5 channel. cRNA was prepared from linearized plasmids
according to the manufacturer’s instructions (mMESSAGE
mMACHINE T7 kit; Ambion, TX, USA), and RNA concentra-
tions were quantified by UV spectroscopy (NanoDrop,
Thermo Scientific, Wilmington, USA) and quality checked
by gel electrophoresis. A total of 50 nL cRNA (0.05 pg-pL ™"
hK,7.4; 0.2 ng-uL " hK,7.5) was injected. After 3 days of incu-
bation at 19°C, currents were recorded using a two-electrode
voltage-clamp amplifier (Dagan CA-1B; IL, USA). Data were
sampled at 1 kHz. Two intracellular borosilicate glass record-
ing electrodes (Module Ohm, Herlev, Denmark) were pulled
on a DMZ-Universal Puller (Zeitz Instruments, Martinsried,
Germany) with a resistance of 0.2-1 MQ when filled with
2 M KCI and inserted into the oocytes. Oocytes were
superfused with Kulori solution (mM): NaCl 90, KCI 4, MgCl,
1, CaCl, 1, HEPES 5, pH = 7.4, room temperature. The oocytes
were voltage-clamped at a holding potential of —80 mV. Two
different voltage protocols were used to elicit the K,7 cur-
rents. A voltage step to —20 mV (3 s) was repeatedly used to
investigate if steady state current amplitudes had been
achieved, and when stable current amplitudes were
achieved (3 min), a current-voltage relationship (I/V) pro-
tocol was performed. An I/V voltage protocol was used to
establish the current-voltage relationship and the voltage
dependence of the channel. The I/V protocol consisted of
voltage steps (3 s) from —100 to +40 mV in 20 mV incre-
ments followed by a step back to —30 mV (1 s). The solu-
tion was subsequently changed to Kulori solution
containing increasing concentrations of 4-AP (0.1, 1 and
5 mM), each titrated to a pH of 7.4. At each concentration,
an I/V protocol was performed when steady state current
levels had been achieved.

Data acquisition was performed with the Pulse software
(HEKA Elektronik, Germany), and data analysis was per-
formed using Igor Pro (Wavemetrics, USA) and Graphpad
prism (GraphPad Software Inc., USA). Current voltage rela-
tionships were generated by measuring the mean current am-
plitude at the end of the depolarizing step and plotting this
against the test potential. Peak tail currents were recorded im-
mediately upon changing the membrane potential to
—30 mV. To establish the voltage-dependence of channel ac-
tivation, the peak currents measured were normalized to the
maximum tail current (I/Imax). The normalized tail current
was then plotted against the preceding test potential. The tail
current-voltage relationship was then fitted to a Boltzmann
equation.

Measurement of pH; in oocytes

Oocyte pH; was measured as described previously (Lee et al.,
2014). Briefly, an oocyte was impaled with (i) a pH electrode
containing the hydrogen ionophore 1 cocktail B
(Sigma-Aldrich, cat #: 95293) back-filled with the phosphate
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buffer and (ii) a Vm electrode containing 3 M KCl to monitor
a membrane potential. The pH electrode was connected to
the electrometer FD-223 (World Precision Instruments;
Sarasota, FL, USA) routed to a custom-built subtraction ampli-
fier. The Vm electrode was connected to an OC-725C oocyte
clamp amplifier (Warner Instrument; Hamden, CT). Another
electrode was placed in the bath for reference. Signals from
pH and Vm electrodes were collected by a Digidata 1322A
(Molecular Sunnyvale, CA, USA) and analysed using pClamp
(Molecular Devices). The signal from the pH electrode was
subtracted from that of the Vm electrode, and the slope of sig-
nal to pH (typically 55 + 4 mV/pH) was determined using
pH 6.0 and 8.0 standards. Measurements were performed at
room temperature.

HEK cell electrophysiology

Monoclonal HEK293 cells stably expressing human K,7.4
channels were grown in DMEM, supplemented with 10%
FBS (Th Geyer, Denmark) supplemented with Glutamax
(Substrate Department, the Panum Institute, Copenhagen,
Denmark) and incubated at 37°C in 5% CO,. K* currents were
recorded from these cells using a QPatch 16 HT automated
patch clamp system (Sophion-Bioscience, Denmark), as pre-
viously described (Jepps et al., 2014). The extracellular solu-
tion contained the following (in mM): 145 NaCl, 1 MgCl,, 2
CaCl,, 10 HEPES, 4 KCl and 10 glucose (pH 7.4). The intracel-
lular solution contained (in mM): 1.75 MgCl,, 10 EGTA, 110
KClI, 5.4 CaCl, and 4 Na,-ATP (pH 7.4). K,7.4 currents were
elicited every 5 s by depolarizing the membrane potential to
0 mV for 500 ms from a holding potential of —80 mV. After
2 min of stabilization, increasing concentrations of 4-AP were
added, and the current at 0 mV was determined. An I/V proto-
col was performed on control currents and in the presence of
0.1 and 5 mM 4-AP. The I/V protocol stepped from —100 to
+60 mV (20 mV increments, S00 ms duration) returning to
—30 mV to measure the tail current.

Perforated patch clamp experiments on isolated
mesenteric artery smooth muscle cells
Third-order mesenteric arteries were placed in a smooth mus-
cle dissection solution (SMDS) containing (in mM): 60 NacCl,
80 sodium glutamate, 5 KCI, 2 MgCl,, 10 glucose and 10
HEPES (pH 7.4) at 37°C for 10 min. A two-step, enzymatic dis-
persal of single myocytes was performed. Vessels were ini-
tially incubated in SMDS containing BSA (1 mg mL!,
Sigma, Missouri, USA), papain (0.5 mg mL™'; Sigma,
Missouri, USA) and dithiothreitol (1.5 mg mL™") at 37°C for
8-10 min, before being incubated in SMDS containing
100umol L' Ca®*, BSA (1 mg mL™') and collagenase
(0.7 mg mL " type F and 0.4 mg mL "' type H; Sigma, MO,
USA) at 37°C for 8-10 min. The vessels were then washed in
ice-cold SMDS, and single myocytes were liberated by gentle
trituration with a fire-polished pipette. Cells were kept in
ice-cold SMDS to be used within S h.

Membrane current recordings were made using p-escin
(50 pmol L™, Sigma, MO, USA) perforated-patch technique
in voltage-clamp mode. Fire-polished patch pipettes had a re-
sistance of 3-6 MQ when filled with a pipette solution of
(mM): K" gluconate (110), KCI (30), MgCl, (0.5) HEPES (5)
and EGTA (0.1), pH 7.3. The external solution contained

(mM): NaCl (145), KCI (4), MgCl, (1), CaCl, (2), HEPES (10)
and glucose (10), pH 7.4. Nicardipine (0.1 uM) was added
to the external solution to prevent the opening of voltage-
gated Ca®" channels and smooth muscle cell contraction.
Control I/Vs were determined from a holding potential of
—80 mV using a step protocol with +10 mV steps to a maxi-
mum potential of 50 mV, with 750 ms duration, returning
to —30 mV to measure the tail current. For each test potential,
the end-pulse current amplitude was taken. Test pulses from
—60 to —20 mV were then run every 20 s. After three stable
control currents, either 1 uyM XE991 or 0.1 mM 4-AP was per-
fused into the bath, and changes were monitored with the
test pulses. After 3 min an I/V was performed. Following the
application of XE991 to the cells, the test pulse and I/V proto-
cols were repeated with 0.1 mM 4-AP added to the perfusate.
The electrical signals were recorded using an Axopatch 700B
patch clamp amplifier (Molecular Devices, Sunnydale, CA,
USA) generated and digitized using a Digidata 1322A hosted
by a PC running pClamp 10.4 software (Molecular Devices,
Sunnydale, CA, USA).

Measurements of isometric force in arteries
Third-order mesenteric arteries (2 mm length; internal
diameter = 256 £ 5 um) were isolated and mounted on
40 um stainless steel wires in isolated chambers of a multi
wire myograph system [model 620 M, Danish Myo
Tehcnology (DMT), Aarhus, Denmark] containing PSS ther-
moregulated to 37°C and saturated with carbogen (O, 95%;
CO;, 5%; pH 7.4). Each artery segment was normalized by a
passive stretch-tension protocol to ensure optimal force de-
velopment as previously described (Mulvany and Halpern,
1977). Briefly, each artery segment was stretched to 0.9 times
the estimated internal circumference when wunder a
transmural pressure of 100 mmHg. After equilibrium, the via-
bility of arterial segments was assessed by stimulation with a
high potassium solution (KPSS: PSS with an equimolar substi-
tution of KCI for NaCl; 125 mM K*) containing NA (10 uM).
Arterial segments were also stimulated with KPSS to establish
a reference maximal contraction. In some arteries, the endo-
thelium was mechanically removed by introducing a hair
into the lumen of the mounted artery. To assess endothelium
integrity, carbachol (1 uM) was added to arteries precon-
tracted with NA (3 uM). Successful removal of the endothe-
lium was confirmed if the relaxation to carbachol was <10%
of precontraction. Arteries were subsequently equilibrated
for a further 20 min in PSS prior to any experimental
protocol. Force (mN) was recorded with a Powerlab
8/25-LabChart 7 Pro data acquisition system (AD Instru-
ments Ltd., Oxford, UK).

To assess the functional effect of 4-AP, cumulative
concentration-response curves to 4-AP (0.1-5 mM) were
generated in arteries under passive tension or precontracted
with one of the following: (i) NA, to approximately 90% of
the KPSS-induced maximal contraction; (ii) 62 mM KPSS
(+ 0.1 uM prazosin to inhibit the effect of endogenous NA);
or (iii) 125 mM KPSS with 10 uM NA [following pretreatment
with guanethidine (60 min) to prevent the release of
endogenous NAJ. Concentration-response curves to 4-AP
were generated in the presence of (i) DMSO (0.1%: Control);
(i) XE991 (1 uM); (iii) iberiotoxin (0.1 uM); and (iv) a
combination of (ii) and (iii). In other experiments,
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4-AP-mediated vasorelaxation was assessed in NA-
precontracted arteries where the endothelium was removed.
Concentration-relaxation-response curves were also gener-
ated to the Karp (Ki;6.2) channel opener, pinacidil, in
NA-precontracted arteries in the absence and presence of
1 uM XE991. We further generated concentration-response
curves to NA in the absence and presence of (i) 1 mM 4-AP;
(i) 1 uM XE991 and 0.1 pM iberiotoxin; and (iii) 1 mM 4-AP,
1 uM XE991 and 0.1 pM iberiotoxin.

Simultaneous measurement of isometric force
and [Ca®*];

Artery segments (2 mm) were mounted in a single chamber
confocal myograph system (360CW model, DMT) and equil-
ibrated, normalized and activated as per the standard proto-
col described earlier. Arteries were loaded with 5 uM of the
ratiometric Ca®* indicator Fura-2AM (Life Technologies
Europe BV, Naerum, Denmark) dissolved in a load mix com-
posed of 0.04 g Pluronic F-127 (Life Technologies Europe
BV) and 200 pL of Cremophor EL (Sigma-Aldrich, Brondby,
Denmark) in 1 mL DMSO for two 30 min periods in PSS.
The final concentration of DMSO and Cremophor EL in the
bath was 0.08% (vv™') and 0.02% (vv™') respectively. Arteries
were subsequently washed and excited alternately with wave-
lengths of 350 and 380 nm using a Zeiss Axiovert 135 micro-
scope equipped with a TILL Photonics Polychrome
[luminator (Till Photonics, Germany) and a 40x water im-
mersion objective (Zeiss). Emission from the preparation
was collected with a >510 nm cut-off filter. Images were ac-
quired using a CoolSNAP CCD camera (Photometrics,
Tuscan, AZ, USA) and recorded with Metafluor Fluorescence
Ratio Imaging Software (Molecular Devices, Berkshire, UK).
The intensity ratio (F3s50/F3g0) was calculated after subtraction
of background fluorescence acquired prior to Fura-2AM
addition.

Simultaneous measurement of isometric force
and pH i

In some arteries, isometric force was measured simultaneously
with pH;. Arteries were loaded with 5 uM of the ratiometric
pH-sensitive fluorophore 2',7’-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF-AM; Life Technologies) in 0.1%
DMSO in PSS for 5 min before excess dye was washed out. Ar-
teries were excited at alternating wavelengths (440 and
495 nm) and emission collected with a >510 nm cut-off filter
using a Leica DM IRB inverted microscope (Ballerup,
Denmark) with a x20 objective (N.A. 0.5.) connected to a Pho-
ton Technology International Deltascan system (PTI; Birming-
ham, NJ, USA) and recorded using FeliX32 Spectroscopy
Software (PTI). The intensity ratio (F405/F440) was calculated af-
ter subtraction of background fluorescence acquired prior to
BCECF-AM addition. Calibration of the intensity ratio was
made using K*-HEPES solution (composition in mM: NaCl
11; MgS04.7H,0 1.2; KCl 132.8; glucose 5.5; EDTA 0.03;
KH,PO4 1.18; CaCl,.H,0 1.6; HEPES 10 mM and probenecid
5 mM; bubbled with air) of various pH levels (6.8-8.0) contain-
ing the K*-H" ionophore nigericn (10 uM; Sigma) as described
previously (Thomas et al., 1979). A mean calibration curve for
the intensity ratio was generated from two separate
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experiments and fitted with least-squares regression (correla-
tion coefficient 0.998).

Following fura-2AM or BCECF-AM loading, artery viabil-
ity was reassessed with the standard KPSS protocol. After KPSS
washout, 1 mM 4-AP was applied at rest for 2 min (protocol i).
After washout, arteries were precontracted with 1 uM NA
where upon reaching a plateau, 1 mM 4-AP was applied to
the preparation (protocol ii). To determine if 4-AP-induced
relaxation was occurring via a pH-dependent pathway, we de-
veloped a protocol that prevented 4-AP-mediated elevation
in pH;. Briefly, arteries were incubated with NH4Cl (2 mM)
and stimulated with 1 pM NA. When the contractile response
to NA had plateaued, PSS in the chamber was replaced with
PSS containing 1 uM NA and 1 mM 4-AP. In this manner, only
NH,4CI is washed out. Washout of NH4ClI is known to elicit
acute acidification (Aalkjaer and Cragoe , 1988), and we
found that washout of 2-3 mM of NH4Cl prevented 4-AP-
induced alkalization, enabling us to investigate pH;-indepen-
dent effects of 4-AP in the absence (protocol iii) and presence
of XE991 (1 pM; protocol iv) and in the presence of both
XE991 (1 uM) and iberiotoxin (0.1 uM; protocol v). To ascer-
tain the contribution of 4-AP-induced pH; changes to the in-
hibition of NA-induced signalling, the NH4Cl washout
protocol was also used to prevent 4-AP-induced pH; changes
in arteries precontracted with 125 mM KPSS and NA (10 uM).

Simultaneous measurement of isometric force
and membrane potential

Membrane potentials were measured with sharp glass elec-
trodes as previously described (Mulvany et al., 1982). After
the artery segments had been mounted in custom-made
myographs and the diameter normalized, measurements
were made using aluminium silicate microelectrodes with a
resistance of 40-120 MQ when filled with 3 M KCI. The po-
tentials were recorded with an Intra-767 amplifier (WPI) and
visualized on an oscilloscope. Electrode entry into smooth
muscle cells was achieved from the adventitial side and re-
sulted in a sudden drop in voltage and a sharp return to base-
line when the electrode was retracted.

Data and statistical analyses

In the two-electrode voltage clamp experiments and HEK cell
patch-clamp experiments, a Bonferroni post hoc test was per-
formed following a two-way ANOVA to compare the effects
of different 4-AP concentrations to control currents. A one-
way ANOVA followed by a Dunnett’s multiple comparisons
test was performed to compare V% values of 4-AP to control.
In the patch-clamp experiments on isolated mesenteric artery
smooth muscle cells, control and 0.1 mM 4-AP currents were
compared by two-way ANOVA followed by a Bonferroni post
hoc test. Currents recorded in the presence of XE991, 4-AP
and XE991 + 4-AP were compared by a two-way ANOVA
followed by a Dunnett’s multiple comparisons test. The nor-
malized currents at 0 mV of the aforementioned groups were
compared by one-way ANOVA followed by a Sidak’s multiple
comparisons test.

For cumulative concentration-response curves to 4-AP
and NA, force data (mN) were expressed as tension (Nm’l)
by dividing the force (mN) by twice the artery segment length
(mm) and subtracting passive tension values. Data are
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expressed as mean tension + SEM. Concentration-relaxation
response curves were fitted for each individual experiment
using four-parameter nonlinear regression with variable
slope and a minimum constrained to >0. From these curves,
the ECs( (concentration of agonist required to elicit 50% of
the maximum response), pEC50 (—logECsp) and the maxi-
mum relaxation response (Rmax) were derived, unless other-
wise stated. For concentration-contraction response curves,
only the maximum contractile response (Emax) was deter-
mined. For experiments assessing relaxation, pECso, Rmax
and Emax were compared between groups using one-way
ANOVA with Dunnett’s post hoc test for multiple compari-
sons, unless otherwise specified. For experiments involving
the simultaneous measurement of force and [Ca®*]; or pH;,
4-AP-mediated responses were expressed as a change from
NA-mediated responses: statistical comparisons are indicated
in the figure legends. P < 0.05 was considered statistically
significant and n refers to the number of arteries from
separate rats. Statistical analyses were performed using
GraphPad Prism S (GraphPad Software., San Diego, CA,
USA). The data and statistical analysis comply with the rec-
ommendations on experimental design and analysis in phar-
macology (Curtis ef al., 2015).

Materials

Drugs and suppliers were as follows: 4-AP (Sigma-Aldrich,
Brendby, Denmark); carbachol (Sigma-Aldrich); guanethi-
dine sulphate (Sigma-Aldrich); iberiotoxin (Tocris; Bristol,
UK); L-(—)-noradrenaline (+)-bitartrate salt monohydrate
(Sigma-Aldrich); Pinacidil monohydrate (Sigma-Aldrich);
prazosin hydrochloride (Sigma-Aldrich); and XE991 (Sigma-
Aldrich). Stock solutions were prepared using anhydrous
DMSO (Pinacidil and XE991) or distilled water (carbachol,
noradrenaline and iberiotoxin) and stored at —20°C until re-
quired. A 0.5 M stock of 4-AP was prepared fresh daily with
distilled water and pH adjusted to 7.4.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY (Southan et al., 2016), and are perma-
nently archived in the Concise Guide to PHARMACOLOGY
2017/18 (Alexander et al., 2017).

Results

4-AP enhanced K,7.4 but not K,,7.5 currents
Application of 0.1 and 1 mM 4-AP increased the K,7.4 cur-
rents in oocytes at +40 mV, and 5 mM 4-AP increased the cur-
rents at +20 to +40 mV. Additionally, in the oocytes
overexpressing K,7.4 channels, 1 and 5 mM 4-AP caused a sig-
nificant shift of the voltage-dependence of channel activa-
tion with the V' of activation changing by —5.0 + 1.6 mV
(mn=35) and -5.2 £ 1.1 mV (n = 5) respectively (Figure 1A;
Table 1). In contrast, 4-AP had no effect on the current ampli-
tude or V' of activation of oocytes overexpressing K,7.5
channels (n = 5-6; Figure 1B; Table 2).

4-AP is known to affect intracellular pH of mammalian
cells; therefore, we determined whether oocytes were subject
to the same intracellular pH changes. Figure 1C shows that
4-AP was unable to change the intracellular pH of oocytes at
concentrations from 0.1-5 mM. This suggests that the
4-AP-mediated increase in K, 7.4 current is pH;-independent.

4-AP enhanced and inhibited the K, 7.4 current
in HEK cells

In HEK cells stably expressing K, 7.4 channels, currents were
enhanced by 0.1 mM 4-AP but inhibited by 5 mM 4-AP
(Figure 2A; Table 3). At 0.1 and 0.3 mM, 4-AP enhanced the
current at 0 mV (Figure 2A). At 1 mM, 4-AP began to suppress
the enhanced currents, returning the current to control levels
at 0 mV (Figure 2A). Additional application of 4-AP at 3 and
5 mM inhibited the K,7.4 current (Figure 2A). The voltage-
dependence of activation was not affected by either 0.1 or
5 mM 4-AP (Figure 2B; Table 4).

4-AP enhanced K* currents in mesenteric artery
SMCs

Given the bi-phasic nature of 4-AP in HEK cells and that
0.1 mM was able to increase the K,7.4 currents significantly
in these cells, we tested the effect of 0.1 mM 4-AP on K" cur-
rents from isolated mesenteric artery smooth muscle cells.
4-AP enhanced the K* currents at 50 mV (Figure 3A; n = 6
for each group). 4-AP also shifted the voltage-dependence of
half maximal activation, recorded at —30 mV, from 2.2 + 1.0
to —4.6 + 0.4 mV (Figure 3A, panels iv, v; P < 0.05 according
to a paired t-test). When the K,7 channel blocker XE991
(1 uM) was applied, the K currents were inhibited (n = 5;
Figure 3B). In the presence of XE991, additional application
of 0.1 mM 4-AP further inhibited the K" currents (n = 5;
Figure 3B, C).

4-AP relaxes and contracts mesenteric arteries
In third-order rat mesenteric arteries preconstricted with NA,
4-AP induced concentration-dependent and endothelium-
independent relaxations with a pECso of 3.2 + 0.1
(Figure 4A). Maximum relaxations were typically observed at
3 or 5 mM 4-AP. In contrast, 4-AP elicited concentration-
dependent contraction in arteries precontracted with
62 mM KPSS (Figure 4B). NA concentration-response curves
were performed in the absence and presence of 1 mM 4-AP.
In the presence of 1 mM 4-AP, NA potency decreased twofold
(P < 0.05, n =35), but the maximum contractile response was
unchanged (Figure 4C). In arteries at rest, 4-AP elicited con-
traction at 5 mM but only in two of six arteries tested
(Figure 4D). The presence of 1 uM XE991 increased the pro-
pensity of 4-AP to elicit contraction (four out of six arteries)
whilst 1 uM XE991 in combination with the BKc, channel in-
hibitor iberiotoxin (0.1 uM) enhanced the maximum contrac-
tile response to 4-AP (Figure 4D).

4-AP-mediated relaxation was associated with
smooth muscle membrane hyperpolarization
and decreased [Ca?*[; in precontracted
mesenteric arteries

At rest, the application of 1 mM 4-AP had no effect on resting
tone (ANm ' = 0.03 + 0.02) but caused a small transient
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Figure 1

The effect of 4-AP on the hK,7.4 and hK,7.5 channels expressed in Xenopus laevis oocytes. (A, panel i) Representative K,7.4 current traces recorded
from two-electrode voltage clamp experiments without 4-AP (control; left), after application of 1 mM 4-AP (centre) and after application of 5 mM
4-AP (right). The I/V relationship protocol consisted of voltage steps (3 s) from —100 to +40 mV in 20 mV increments followed by a step back to
—30mV (1 s). Red traces represent the current elicited at —40 mV. Current-voltage relationship comparing the effect of 0.1, 1 and 5 mM 4-AP to
control on (Ai) K,7.4 currents and (Bi) K,7.5 currents. A Bonferroni post hoc test was performed following a two-way ANOVA and *P < 0.05.
Voltage-dependence of activation curves for (A, panel iii) K,7.4 and (B, panel ii) K,7.5 currents was obtained by normalizing the tail current at
—30 mV against the maximal tail current measured in each experiment and plotted as a function of the preceding step potential (n = 5-6) and
a Boltzmann fit was performed to determine the V2 (Vms,) values plotted. A one-way ANOVA followed by a Dunnett’s multiple comparisons test
was performed, and *P < 0.05. (C, panel i) Representative trace and (C, panel ii) mean intracellular pH measurements in oocytes treated with 0.1,

1T and 5 mM 4-AP.

membrane hyperpolarization in five of seven arteries exam-
ined (AmV = 2.0 £ 1.1) (Figure 5A, C). There was no effect of
1 mM 4-AP on [Ca®']; (AFura-2 ratio, 0.001 + 0.003; n = 10).
In mesenteric arteries precontracted with 1 uM NA, the appli-
cation of 1 mM 4-AP caused a significant and sustained hyper-
polarization (17.0 + 3.2 mV; P < 0.05, n = 6) that was
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associated with a simultaneous decrease in tension
(0.71 = 0.22 Nm™ % P < 0.05, Student’s paired f-test;
Figure 5B, D). The relaxation and hyperpolarization of the
smooth muscle was associated with a decrease in [Ca*'];
as indicated by a decrease in the Fura-2 ratio (0.14 + 0.03,
P < 0.05; Figure 6).
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Table 1

K7.4 currents from oocytes — Boltzmann fit parameters of tail currents

Bottom 0.059 + 0.008 0.035 £ 0.03 0.055 + 0.01 0.064 + 0.009

Top 0.99 + 0.009 0.98 +0.03 0.99 + 0.01 0.99 + 0.009

Ve —24.59 0.61 —24.64+2.25 ~29.67 £ 0.82 ~29.72 4 0.65

Slope 11.07 £ 0.55 12.61 £2.06 11.19 £0.72 10.66 £ 0.55
Table 2

K,7.5 currents from oocytes — Boltzmann fit parameters of tail currents

Bottom 0.31 £0.01 0.3+0.02 0.31 £0.02 0.32£0.02
Top 0.96 +0.01 0.96 £ 0.01 0.97 £0.01 0.95+0.01
Vso —40.28 £ 0.99 —41.19 £ 0.96 —42.3+£1.33 —43.76 £ 1.91
Slope 5.84+1.81 55+£1.8 597+1.79 4.62 +2.01
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Figure 2

The effect of 4-AP on the hK,7.4 channel expressed in HEK cells. (A, panel i) Current-voltage relationship comparing the effect of 0.1 mM and
5 mM 4-AP to control currents. A Bonferroni post hoc test was performed following a two-way ANOVA and *P < 0.05. (A, panelii) The K,7.4 cur-
rent at 0 mV normalized to control comparing the effects of 0.1-5 mM 4-AP. A Dunnett’s multiple comparison test was performed and *P < 0.05.
(B) Comparison of the voltage-dependence of activation between control, 0.1 and 5 mM 4-AP.
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Table 3

K7.4 currents from HEK cells — Boltzmann fit parameters of I/V

4-AP0.TmM 4-AP5mM

Bottom 0.036+0.01 0.021 £0.11 0.049 + 0.02
Top 0.98 + 0.01 1.4+0.11 0.42 +0.02
Ve ~20.23+0.66 —20.97 4.23 ~20.96 + 2.64
Slope 6.56+0.99  8.16+4.71 5.39+5.42

Table 4

Ky7.4 currents from HEK cells - Boltzmann fit parameters of tail
currents

4-AP 0.1 mM

Control

Bottom 0.047 £ 0.01 0.076 £ 0.02 0.15+0.24
Top 0.98 £ 0.01 0.96 +0.02 0.96 £0.02
Vso —-20.6+0.56 —21.25+1.28 —-20.99+1.14
Slope 6.876 +0.76 7.77 £1.46 5.84+2.02

K,7 channels partially mediate 4-AP-induced
vasorelaxation

Based on the electrophysiological data in Figure 1, we tested
whether 4-AP-induced vasorelaxation was due to activation
of vascular K,7.4 channels. XE991 (1 pM) partially inhibited
the 4-AP-mediated fall in [Ca®*]; in NA contracted arteries
(P < 0.05, Student’s paired t-test, n = 7; Figure 6). Further-
more, 1 pM XE991 caused a rightward shift of the 4-AP
concentration-response curve (P < 0.05, n = 6; Figures 7A-C).
Because XE991 may functionally antagonize 4-AP-mediated
relaxation by facilitating membrane depolarization and po-
tentiating contractile responses, the concentration of NA
was always titrated to achieve approximately 90% of the
KPSS-induced contraction. Furthermore, we assessed whether
another potassium channel opener would be similarly
inhibited by XE991. However, 1 uM XE991 had no effect on
the concentration-relaxation response curve to pinacidil, a
Karp-channel opener (Figure 7D).

Both K, 7 and BK -, activation contribute to
4-AP-mediated relaxation

4-AP has been shown previously to activate BKca (Kca1.1)
channels (Petkova-Kirova et al., 2000). In NA-preconstricted
mesenteric artery segments, pretreatment of arteries with
iberiotoxin (0.1 uM) significantly decreased the Rmax
(97 + 2% to 72 + 13%, n = 7; Figure 7A, C) of 4-AP but did
not alter potency (Figure 7B). In the presence of 1 pM
XE991, 0.1 uM iberiotoxin strongly inhibited 4-AP-mediated
relaxation (Rmax, 35 £ 8%; P < 0.05, n = 6; Figure 7A, C).
XE991 and iberiotoxin, alone, did not alter the basal tension
of mesenteric arteries but generated substantial tone when
combined (0.80 + 0.20 Nm ). Notably, the level of
NA-induced precontraction was similar irrespective of pre-
treatment. The tension developed by NA in DMSO-, XE991-,
IBTx- or XE991 + IBTx-treated arteries was 2.31 = 0.21,
2.36+0.16, 2.58 + 0.23 and 2.27 + 0.22 Nm ™' respectively.

508 British Journal of Pharmacology (2018) 175 501-516

4-AP increased pH; in mesenteric arteries
Previously, 4-AP was shown to enhance BKc, currents in
vascular smooth muscle cells via an increase in pH;
(Petkova-Kirova et al., 2000). To investigate whether increases
in pH; were responsible for the 4-AP-mediated relaxations, we
measured pH; and tension simultaneously in intact isolated
mesenteric arteries. Addition of 1 mM 4-AP to arteries in PSS
caused a sustained alkalization (0.15 £ 0.02 pH units, n = 6)
but no change in tension. Sustained alkalization
(0.19 £ 0.03 pH units, n = 9) was also observed with 1 mM
4-AP when applied to arteries precontracted with NA
(Figure 8A), which was accompanied by almost complete re-
laxation (89.7 + 5.3% of NA precontraction).

4-AP-mediated relaxation occurs via pH;-
dependent and independent mechanisms

When 4-AP-mediated alkalization was prevented (Figure 8A,
protocol iii) using an NH4Cl washout protocol (ApH; with
1 mM 4-AP = 0.00 + 0.03 units, n = 9), the magnitude of the
relaxation to 1 mM 4-AP was unchanged (86.7 + 6.4% of NA
precontraction, n = 9; Figure 8B). Notably, however, the time
taken for the 4-AP-mediated relaxation response to plateau
was significantly longer when pH; was maintained at baseline
values (286 + 42 s) compared to control (156 £ 19 s; P < 0.05,
n = 8; Figure 8C). Repeating the NH4Cl washout protocol in
the presence of 1 uM, XE991 (protocol iv) decreased the mag-
nitude of 4-AP-mediated relaxation (60 £ 8%; P < 0.05, n=S§;
Figure 8B) without further lengthening the time taken for the
relaxation to plateau (297 + 30 s; Figure 8C). When the NH4Cl
washout protocol was repeated in the presence of both 1 pM
XE991 (1 uM) and 0.1 pM iberiotoxin (protocol v),
4-AP-mediated relaxations were inhibited (18 + 3% of NA
precontraction; P < 0.05, n = 5; Figure 8B), but the time taken
for the relaxation to plateau was not significantly different
from control (272 £ 37 s; Figure 8C).

4-AP-mediated relaxation of arteries
precontracted with NA occurs via K, 7/BK¢,
activation and inhibition of NA-stimulated
signalling
4-AP caused concentration-dependent relaxations of arteries
precontracted with the combination of 125 mM KPSS and
10 uM NA (Figure 9A). At higher concentrations (>3 mM), re-
laxation was transient with tension plateauing slightly above
the peak relaxation response (Figure 9A, panel i). Rmax, cal-
culated as a percentage of the contraction induced by10 pM
NA on top of 125 mM KPSS, was 75 + 5%. In arteries precon-
tracted with both 125 mM KPSS and 10 uM NA, the ability
of 4-AP to relax the additional NA-induced component was
unchanged in the presence of 1 uM XE991 and 0.1 pM
iberiotoxin (Supporting Information Figure S1, n=5-8). In ar-
teries precontracted with U46619 in the presence of L-type
calcium channel blockade, 4-AP failed to induce any signifi-
cant relaxation (Supporting Information Figure S2, n = 8).
When 4-AP-induced intracellular alkalization was
prevented using an NH4Cl washout protocol, the relaxation
response to 1 mM 4-AP in arteries precontracted with both
125 mM KPSS and NA (10 uM) was reduced significantly
(Figure 9B).
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Figure 3

Electrophysiological effects of 4-AP on isolated mesenteric artery smooth muscle cells. (A) Representative currents produced by an |/V protocol
from —80 mV to +50 mV stepping up in 10 mV increments for 750 ms (A, panel i) before and (A, panel ii) after application 0.1 mM 4-AP. (A, panel
iii) Mean 1/V relationship data showing the effect of 0.1 mM 4-AP compared to control currents (*P < 0.05 according to a two-way ANOVA
followed by a Sidak’s multiple comparison test). The effect of 0.1 mM 4-AP was also observed on (A, panel iv) mean tail currents recorded at
—30 mV after the voltage steps were plotted and (A, panel v) the half-maximal voltage-dependence of activation calculated in each experiment
(*P < 0.05 according to a paired t-test). (B) Representative currents showing the effect of (B, panel ii) the K, 7 channel blocker XE991 followed by
the subsequent application of (B, paneliii) 0.1 mM 4-AP. (B, panel iv) Mean |/V data comparing the effect of 0.1 mM 4-AP to XE991 + 0.1 mM 4-AP
(*P < 0.05 according to a two-way ANOVA followed by a Sidak’s multiple comparison test). The mean control current is added for context.
(C) Comparison of the currents produced by 0.1 mM 4-AP, 1 uM XE991 and 1 pM XE991 + 0.1 mM 4-AP at 0 mV normalized to the control
current at 0 mV (*P < 0.05 following a one-ANOVA and Sidak’s multiple comparisons test).

Furthermore, NA concentration-response curves con-
structed in the presence of 1 pM XE991 and 0.1 uM
iberiotoxin were rightward shifted by 1 mM 4-AP
(Figure 9C).

To determine the relative contribution of (i) K,7 channels
and BKc, activation; and (ii) inhibition of NA-mediated

signalling, to 4-AP-mediated relaxation of NA-precontracted
arteries, data from Figures 4C and 9C are alternatively
presented in Figure 9D wherein the ability of 1 mM 4-AP to
inhibit NA-mediated constriction (Inhibitory effect of 1 mM
4-AP; Y-axis) is expressed as a function of tension generated
by NA (Tna; X-axis). Here, the inhibitory effect of 1 mM
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Dunnett’s post hoc test.

4-AP is calculated as the difference in tension generated by
NAin the absence and presence of 1 mM 4-AP (Txa—Tna + 4ap);
all tension values were normalized to the maximum Ty, re-
sponse. The relationship between the inhibitory effect of
1 mM 4-AP and Tya was calculated in arteries with and with-
out combined K,7 and BKc, channel blockade (data from
Figures 4C and 9C were used to generate the control and
XE991 + IBtx curve, respectively). Figure 9D shows that
1 mM 4-AP can inhibit NA-induced contraction through both
K,7/BKc, channel activation and inhibition of NA-mediated
signal transduction.

Discussion

In this study, we established the direct effect of 4-AP on K, 7.4
and K,7.5 channels and characterized its effects on vascular
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smooth muscle membrane potential, [Ca®'];, pH; and tone.
Although these data highlight the complex and multifaceted
nature of 4-AP to both enhance and inhibit K™ currents in na-
tive systems, we showed that 4-AP, previously regarded as a
blocker of K,7 channels, can enhance K* currents in isolated
mesenteric artery smooth muscle cells and hyperpolarize vas-
cular smooth muscle, decrease [Ca®*]; and consequently relax
precontracted arteries in a concentration-dependent manner.
We further propose that 4-AP can inhibit NA-mediated vaso-
constriction by inhibiting NA-induced signal transduction,
in part via intracellular alkalization of vascular smooth mus-
cle cells.

For several decades, 4-AP has been used to pharmacologi-
cally elucidate the functional impact of Ky1-Ky4 channels in
different cell types. For the K,1-K\4 channels, the ICsys of
4-AP typically range between 0.1 and 2 mM (Stithmer et al.,
1989; Grissmer et al., 1994; Coetzee et al., 1999), although
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K,7 channel blockade partially inhibited 4-AP-mediated relaxation
and the decrease in [Ca2+]i in mesenteric arteries. Relaxation-
response to 1 mM 4-AP and corresponding changes in the F350/F3s0
ratio (+ Fura-2 ratio) in arteries precontracted with 1 uM NAin the ab-
senceandin the presence of 1 uM XE991 (n=6). Dataare mean + SEM;
n = number of arteries from separate rats. *P < 0.05, compared to
response in the absence of XE991; Student’s unpaired t-test.

there are exceptions. Ky4.1-K,4.3 and K,1.4 channels are
10-fold less sensitive to 4-AP and require up to 13 mM to
achieve half-maximal block. In contrast, Ky3.1 channels

appear to be the most sensitive to 4-AP, with an ICsg report-
edly as low as 0.02 mM (Coetzee et al., 1999). In a review by
Coetzee et al. (1999), 4-AP was reported to have no effect on
K,7.1-7.3 channels at concentrations up to 2 mM, although
no reference was provided to support these claims. Addition-
ally, currents produced by inner hair cells of the ear, attrib-
uted to Ky7.4, were unaffected by 4-AP up to 30 mM (Oliver
et al., 2003; Kimitsuki et al., 2010). However, we are unaware
of any study that has examined systematically the effect of
4-AP on heterologously expressed K, 7.4 and K,7.5 channels.
In this study, we have used both oocytes and HEK cells to
show that 4-AP enhances K,7.4 currents, and in oocytes over-
expressing K,7.5, 4-AP up to 5 mM had no effect on the cur-
rents. Interestingly, in HEK cells, we found that 0.1 and
0.3 mM 4-AP enhanced the K,7.4 current, whilst concentra-
tions >1 mM inhibited the K,7.4 current.

Ky7 channels, particularly K,7.4 and K,7.5, have been
identified in the murine, rat, swine and human vasculature
as regulators of vascular reactivity in both conduit and resis-
tance arteries (Yeung et al., 2007; Mackie et al., 2008; Ng
et al., 2011; Chadha et al., 2012; Brueggemann et al., 2014;
Hedegaard et al., 2014). These o-subunit subtypes are likely
to form a K,7.4/7.5 heteromeric channel in certain arteries
(Brueggemann et al., 2014; Chadha et al., 2014). Given the
importance of the K,7.4 and K,7.5 channels in the vascula-
ture, we aimed to determine the effect of 4-AP on isolated
smooth muscle cells and segments of third-order rat mesen-
teric arteries.
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Combined K,7 and BKc, channel blockade caused almost complete inhibition of 4-AP-medited relaxation. (A) Concentration-response curves to
4-AP in the presence of various treatments: (i) 0.1% DMSO (Control); (i) 1 uM XE991; (iii) 0.1 uM iberiotoxin (IBTx) or a combination of (ii) and
(i), in arteries precontracted with NA to approximately 90% of the maximal contraction induced by KPSS. pECso and Rmax values for 4-AP-
induced relaxation are presented in (B) and (C) respectively. In arteries treated with a combination of XE991 and iberiotoxin, 4-AP
concentration-response curves often had a poorly defined maximum relaxation plateau: therefore, pECsos could not be determined for this
experimental group. (D) XE991 (1 uM) had no significant effect on the concentration-response curve to pinacidil. Data are mean + SEM;
n = 7-9 for each group. *P < 0.05, one-way ANOVA with Dunnett’s post hoc test.

In isolated smooth muscle cells, application of 0.1 mM
4-AP increased the K current, whereas in the presence of
the K,7 channel blocker, XE991, 4-AP inhibited the K* cur-
rent. These data show that 4-AP is able to enhance an
XE991-sensitive component of the total K™ current in mesen-
teric artery smooth muscle cells, whilst also inhibiting an
XE991-insensitive component of the current. When applied
to NA-precontracted arteries, we found that 4-AP caused
concentration-dependent relaxations in an endothelium-
independent manner. This relaxation coincided with hyper-
polarization of the membrane potential and a reduction in
[Ca2+]i, which, in both cases, had been elevated by NA
preconstriction. Consistent with this, we found that the NA
concentration-response curve was shifted to the right with
1 mM 4-AP, as has been reported previously in rat mesenteric
small arteries (Laskowski et al., 2017). In contrast, 4-AP
caused contraction in arteries precontracted with high K*
(62 mM KPSS) and therefore not susceptible to K7 channel
activation. We found that K,7 blockade with XE991 de-
creased the potency of 4-AP. Although one could attribute
this to the ability of a K*-channel blocker to depolarize the
membrane potential and functionally antagonize smooth
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muscle relaxation, the observation that 1 puM XE991
decreased the potency of 4-AP but not the K,rp-channel
openet, pinacidil, supports a specific role for K7 activation
in 4-AP-induced relaxation.

Previous studies have shown that 4-AP elicits contrac-
tion in arterial preparations and either inhibits (Ohya
et al., 2003; Yeung and Greenwood, 2005; Yeung et al.,
2007) or has no effect on delayed rectifier K, currents
(Mackie et al., 2008; Mani et al., 2013). However, these
studies only used concentrations >1 mM 4-AP and did
not assess the effect of 4-AP in precontracted arteries. In
this study, we also observed a small contraction with
5 mM 4-AP consistent with its effect to inhibit delayed rec-
tifier K, currents. Given the still somewhat unknown and
varied K,7 channel subtype expression, channel stoichiom-
etry across vascular beds (Jepps et al., 2014) and coassembly
with B-subunits (Jepps et al., 2015; Abbott and Jepps,
2016), it is possible that 4-AP is less able to relax other ar-
teries that are more dependent on K1, K2 or K7.5 activ-
ities, instead inducing a contractile response at
concentrations >1 mM. We suggest that the complexity
of different native systems together with the multifarious
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4-AP elevated pH;, but this alkalization was not required for 4-AP to elicit relaxation. (A) Recording of pH; (upper trace) and force (lower trace) in a
rat mesenteric resistance artery in response to 1 mM 4-AP without (protocol ii) and with NH,4Cl preincubation (protocol iii). (B) Maximum relax-
ation and (C) time taken for T mM 4-AP-mediated relaxation of NA-precontracted arteries to plateau without (protocol ii) and with preincubation
with NH4CI (protocol iii). Protocol iii was repeated in the presence of T uM XE991 (protocol iv) and with the combination of 1 uM XE991 and
0.1 uM iberiotoxin (protocol v). Data are mean + SEM; n = number of arteries from separate animals. *P < 0.05, compared to control T mM 4-

AP response (protocol ii); one-way ANOVA with Dunnett’s post hoc test.

nature of 4-AP, particularly at higher concentrations, is re-
sponsible for any discrepancies with previous studies.

Notably, K,7 blockade did not completely inhibit
4-AP-mediated relaxation. We, therefore, speculated that
4-AP must be eliciting relaxation through an additional
mechanism. In rat arterial smooth muscle cells, 4-AP en-
hanced BKc, currents by increasing pH; in the presence of
BAPTA (Petkova-Kirova et al., 2000). In line with this, we
found that iberiotoxin decreased the maximal efficacy of
4-AP-mediated relaxation. When XE991 was present,
iberiotoxin almost completely abolished 4-AP-mediated re-
laxations. These data show that 4-AP-mediated relaxations
occur, at least in part, through the activation of K7 channels
and either a direct or indirect enhancement of BKc, channel
activity. Another possible explanation is the nonlinear
relationship between K*-conductance and membrane poten-
tial inherent in the biophysics of membrane electrophysiol-
ogy (Coleman et al., 2017), which would make a ‘second’
K*-conductance inhibitor appear more effective than the
‘first’ K*-conductance inhibitor.

Previous studies have reported that 4-AP is able to cross
the cell membrane and bind intracellular protons resulting

in the formation of 4-APH* and intracellular alkalization
(Choquet and Korn, 1992). To determine whether the 4-AP
enhancement of K,7.4 was pH-dependent, we measured pH;
in oocytes. Much like NH,4ClI (Lee and Choi, 2011), we found
that 4-AP was unable to change pH; in ooyctes, suggesting
that the enhancement of the K,7.4 channel is
pH-independent. Furthermore, although 1 mM 4-AP
increased pH; in mesenteric arteries, the magnitude of
4-AP-induced relaxation was unchanged when alkalization
was prevented, although the rate of relaxation was signifi-
cantly slower. Thus, although 4-AP-induced relaxation does
not necessitate an increase in pH;, the rate of relaxation is fa-
cilitated by alkalization. Whether this is mediated via an ef-
fect of pH; on BKc,, as suggested by Schubert et al. (2001) or
to an effect of pH; on K,7.4 is difficult to know. Certainly, in
the absence of intracellular alkalization, the relaxation to
4-AP was still attenuated by both XE991 and iberiotoxin.
4-AP also elicited relaxation of NA-precontracted arteries
by inhibiting NA-mediated signal transduction indepen-
dently of K,7.4 activation. In arteries exposed to a 125 mM
K* and therefore immune to changes in potassium conduc-
tance, 4-AP partially relaxed contraction elicited by NA
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Figure 9

4-AP relaxes mesenteric arteries through three mechanisms: (i) pH;-dependent- and independent-mediated inhibition of NA-induced signalling;
(ii), Ky7 channel activation and (jii), BKc, channel activation. (A, panel i) Representative trace of 4-AP eliciting concentration-dependent relaxation
of arterial segments precontracted with 125 mM KPSS and 10 uM NA and (A, panel ii) the accompanying mean data (n = 5). (B) In arteries pre-
contracted with 125 mM KPSS and then NA (10 uM), prevention of 4-AP-induced changes in pH; using the NH,Cl washout protocol, partially
inhibited the relaxation response to T mM 4-AP (expressed as a percentage of the additional contraction elicited by NA on top of 125 mM KPSS;
n=5,*P <0.05 compared to control; Student’s paired t-test). (C) Cumulative concentration-response curves to NA following K,7 and BKc, chan-
nel blockade in the absence and presence of T mM 4-AP (n = 5). Data are mean + SEM; n = number of arteries from separate animals. *P < 0.05
compared to pECsg of within vessel control curve; Student’s paired t-test. (D) Inhibitory effect of 1 mM 4-AP expressed as the difference in tension
generated by NA in the absence and presence of T mM 4-AP (Tya — Tna + 4ap); all tension values were normalized to the maximum Ty response so
that maximum Tya = 1. The relationship between the inhibitory effect of T mM 4-AP and Tya was calculated in arteries with and without 0.1 uM

IBTx and 1 uM XE991 (refer to results section for details).

(Figure 9A). 4-AP also caused a rightward shift of the NA-
concentration-response curves generated in the presence of
K7 and BK, blockade (Figure 9C). Inhibition of NA-induced
signalling appears to be partly due to 4-AP-induced intracel-
lular alkalization since the capacity of 1 mM 4-AP to elicit re-
laxation of a NA-induced contractile component was
markedly reduced when changes in pH; were prevented. This
is unlike the observations observed in arteries precontracted
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with a submaximal concentration of NA where intracellular
alkalization affected the rate but not the magnitude of 4-
AP-induced relaxation. This difference in pH; dependency
highlights the varying contribution of (i) Ky activation; (ii)
BKc, activation; and (iii) inhibition of NA-mediated signal-
ling to 4-AP-induced relaxation at different levels of NA-
induced tension. Figure 9D highlights the K,7 and BK, sen-
sitive and insensitive parts of the relaxation to 4-AP as a
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function of the tension generated by NA and reinforces the
conclusion, based on the comparison of the effect of XE991
on 4-AP- and pinacidil-induced relaxation that 4-AP is able
to activate K7 channels in intact mesenteric arteries to par-
tially mediate relaxation.

In summary, this study shows, first and foremost, that 4-
AP can enhance K,7.4 channel activity. When we applied 4-
AP to NA-preconstricted rat mesenteric arteries, we found
that 4-AP has several mechanisms of action that can result
in a relaxation of the vessel, namely, (i) activation of K,7.4
channels, (ii) activation of BKc, channels either directly or in-
directly, and (iii) attenuation of NA-signalling, which is partly
pH;i-dependent. Taken together, these findings provide a cru-
cial understanding of the complex nature effect of 4-AP in na-
tive systems, such as vascular smooth muscle cells. It is clear
from this study that results obtained using 4-AP in arterial,
and possibly other, smooth muscle preparations will be diffi-
cult to interpret due to the mixed inhibition and enhance-
ment of different potassium channels and its potential to
inhibit NA-induced signalling pathways. This work cautions
against using 4-AP as a general inhibitor of K, channels and
questions the appropriateness of using 4-AP to dissect out
the functional contributions of K, 7 channels from other K,
channels.

Clinical significance

Clinically, 4-AP is used to treat multiple sclerosis under the
trade name AMPYRA® (dalfampridine). This drug has many
reported side effects, several of which may involve the direct
alteration of smooth muscle activity, such as dizziness (re-
duced cerebral blood flow), vascular pain, constipation and
renal impairment (Jensen et al., 2014; Fujihara and Miyoshi,
1998). This study improves our understanding of 4-AP and
highlights the multitude of pathways that can be affected
by this compound in native systems, particularly regarding
smooth muscle function, which may account for some of
the side effects from AMPYRA.
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Figure S1 4-AP-mediated inhibition of NA-induced contrac-
tion is independent of Kv7 channel and/or BKCa channel
activation.

Figure S2 In the presence of nifedipine, 4-AP does not relax
mesenteric arteries precontracted with U46619.
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